ABSTRACT Spontaneous atherosclerosis in the White Carneau (WC-As) pigeon is inherited as a single gene disorder, and its progression closely mirrors the human disease. Representational difference analysis and microarray were used to identify genes that were differentially expressed between the susceptible WC-As and resistant Show Racer (SR-Ar) aortic tissue. The RNA extracted from 1-d-old squab aortas was used to make cDNA for each experiment. Fifty-six unique genes were found using representational difference analysis, with 25 exclusively expressed in the WC-As, 15 exclusive to the SR-Ar, and 16 nonexclusive genes having copy number variation between breeds. Caveolin and β-actin were expressed in the WC-As, whereas the proteasome maturation protein and the transcription complex CCR4-NOT were exclusive to the SR-Ar. Microarray analysis revealed 48 genes with differential expression. Vascular endothelial growth factor and p53 binding protein were among the 17 genes upregulated in the WC-As. Thirtyone genes were upregulated in the SR-Ar including the transforming growth factor-β signaling factor SMAD2 and heat shock protein 90. Genes representing several biochemical pathways were distinctly different between breeds. The most striking divergences were in cytoskeletal remodeling, proteasome activity, cellular respiration, and immune response. Actin cytoskeletal remodeling appears to be one of the first differences between susceptible and resistant breeds, lending support to the smooth muscle cell phenotypic reversion hypothesis of human atherogenesis.
INTRODUCTION
Investigation of human disease relies on animal models that parallel specific human pathologies. One of the significant human diseases that relies heavily on models is atherosclerosis, especially at the earliest stages of the disease. Diverse animal models exist, each of them having unique features appropriate for investigating different stages of atherosclerosis. The susceptible-resistant pigeon (Columba livia) model (Anderson et al., 2012a) has been employed to understand genetic components of this disease. White Carneau (WC-As) pigeons develop spontaneous atherosclerosis without known risk factors (Clarkson et al., 1959; Santerre et al., 1972) . The pigeon lesions (St. Clair, 1998; Moghadasian et al., 2001 ) have greater similarities to human atherosclerosis than any other animal model of heart disease. St. Clair (1983) has reviewed multiple studies clearly demonstrating that WC-As susceptibility resides at the level of the arterial wall. The Show Racer (SR-Ar) pigeon is resistant to the development of atherosclerosis under identical diet and housing conditions, and with similar blood cholesterol levels (Clarkson et al., 1959) . Crossbreeding and backcross experiments demonstrated aortic atherosclerosis susceptibility to be inherited in a pattern consistent with an autosomal recessive Mendelian trait (Smith et al., 2001) .
Atherosclerosis continues to be a major factor affecting American mortality. According to the Centers for Disease Control (Heron, 2012) , diseases of the heart (#1) account for 25% of the total number of deaths, and cerebrovascular accidents (#4) account for approximately 5%. Atherosclerosis contributes to both of these leading causes of death in the United States because, depending on the location of the affected artery, the condition can promote heart disease, stroke, and kidney failure. Atherosclerosis most commonly occurs along branch points of the arterial tree, such as the coronary and carotid arteries, and the celiac bifurcation of the aorta (Bassiouny et al., 1994; Kjaernes et al., 1981) . There is a strong familial component to the disease, and many risk factors that contribute to lesion progression and plaque stability have been identified. However, the earliest events of atherogenesis remain unclear, and approximately 50% of heart attacks occur in individuals displaying none of the classical risk factors (Ridker, 2000) . Until the genetic predisposition to the disease is fully understood, prevention efforts will remain limited.
Multiple hypotheses have been proposed to explain atherosclerotic lesion initiation. Some of these hypotheses have been based on work in animal models. Lipid infiltration, response to retention, response to injury, inflammation, monoclonal origin, smooth muscle cell (SMC) phenotypic reversion, and hemodynamics have all been explored (Anderson et al., 2013) . Many of these explain the preferred site of fatty streak formation, some explain the accumulation of lipid in the arterial wall and the appearance of macrophage cells, but none of the current hypotheses describe the complete set of events that occurs in atherogenesis. Genetic factors clearly influence cell proliferation rates (Lichter, 2000) , the mitochondrial oxidative capacity for cellular lipids (Scheckhuber, 2005; Yu et al., 2012) , cholesterol metabolism (Ordovas and Shen, 2002) , and the immune response (VanderLaan and Reardon, 2005; Hansson and Libby, 2006) , thereby manifesting an underlying influence on all aspects of atherogenesis that warrants additional investigation.
Genetic differences between aortic SMC in pigeon breeds were previously characterized in vitro and categorized into 6 general metabolic themes (Anderson et al., 2012b) . Disparities in energy metabolism and SMC phenotypic markers were the most remarkable. However, due to the compressed time frame of cell development in culture, it was impossible to distinguish the chronology of events. The objective of the current study was to determine genes that are differentially expressed between aortic cells in atherosclerosis-susceptible (WC-As) and atherosclerosis-resistant (SR-Ar) 1-dold squabs using representational difference analysis (RDA) and microarray analysis.
MATERIALS AND METHODS

Birds
White Carneau and Show Racer pigeons were obtained from the Palmetto Pigeon Plant in Sumter, South Carolina, in 1962. Both breeds have been kept in fly coops at ambient temperatures and allowed free access to water, Purina Pigeon Chow Checkers, and Kaytee Red Grit. The closed flocks were maintained according to the UNH Animal Care and Use Committee protocol (approval #050601).
RNA Extraction
Aortas were removed from four 1-d-old squabs from each breed after carbon dioxide anesthesia and exsanguination. The aortas were then rinsed in chilled Hanks balanced salt solution and placed on an ice-cooled nuclease-free surface where extraneous lipid, blood, and connective tissue were removed. After blotting on filter paper, the aorta was flash-frozen in liquid nitrogen and placed in a −20°C freezer.
The aortas from each breed were pooled and placed in a liquid-nitrogen chilled mortar. They were crushed with a pestle to a fine powder and homogenized with TRIzol reagent (catalog 15596-026, Life Technologies, Grand Island, NY). The resulting slurries were transferred into 1.7 mL of nuclease-free microcentrifuge tubes and centrifuged for 10 min at 16,000 × g at room temperature.
The supernatants were transferred to 1.5 mL of heavy phase Lock Gels (catalog 955154151, Eppendorf, Hauppauge, NY) followed by chloroform extraction. The RNA was mixed with cold isopropanol and incubated overnight at −20°C. Following incubation, the tubes were centrifuged for 15 min at 16,000 × g at room temperature to sediment the RNA. The supernatant was decanted and the pellets rinsed with 1 mL of cold 70% ethanol. After decanting, the pellets received an additional rinse with 95% ethanol at −20°C. The ethanol was again decanted, the pellets dried under vacuum and dissolved in 20 μL of distilled, deionized water.
Total RNA was assessed in a 3.0 mM sodium phosphate, monobasic buffer at wavelengths ranging from 220 to 320 nm. Ratios calculated from spectrophotometric readings revealed no protein (OD 260 /OD 280 ) or polysaccharide (OD 230 /OD 260 ) contamination. The RNA concentration was calculated using OD 260. Two micrograms of RNA from each breed were frozen at −80°C for the RDA experiments.
RDA Experiment
Total RNA was extracted and converted to doublestranded cDNA using the BD SMART PCR cDNA Synthesis kit (K1052-1, Clontech, Mountain View, CA). Four cDNA samples were selected for 2 independent RDA comparisons. The RDA protocol followed Pastorian et al. (2000) , including modifications of Tyson and Shanahan (2000) and Anderson et al. (2012b) . Three rounds of PCR-coupled subtractive hybridizations were performed in reciprocal experiments. Final difference products were cloned into the BamHI restriction site of the Stratagene pBluescript SK+ phagemid vector (212205, Agilent Technologies, Santa Clara, CA) as previously described (Anderson et al., 2012b) . Clones were sequenced by the Hubbard Center for Genome Studies (University of New Hampshire, Durham) on a Beckman CEQ 8000 Genetic Analysis Capillary System. Raw sequence data were trimmed and analyzed using the Basic Local Alignment Search Tool (BLAST) against the National Center for Biotechnology Information (NCBI) nonredundant nucleotide database (ntBLASTnr) exactly as described (Anderson et al., 2012b) .
Microarray Experiment
An aliquot of the extracted RNA was shipped frozen to the Poultry Genomics Laboratory at North Carolina State University, Raleigh. Isolated RNA was quantified using a ND-1000 spectrophotometer (NanoDrop Technologie Inc., Wilmington, DE), and RNA integrity was verified by electrophoresis on 1.5% agarose gel. Equal amounts of RNA extracted from samples acquired from 6 replicate animals on the same embryonic day were pooled and adjusted to 0.5 μg/μL of concentration, resulting in 4 biological replicates that were indirectly labeled, 2 with Cy3 and 2 with Cy5, according to the experimental design (Burnside et al., 2005) . On each array, a combination of 33 pmol of cDNA labeled with different CyDyes were hybridized for 16 h at 42°C. Slides were scanned on a ScanArray GX PLUS Microarray Scanner (PerkinElmer Life and Analytical Sciences, Shelton, CT) set to 65% laser power.
The experimental design included a dye swap interwoven loop (Garosi et al., 2005) . Spot quantification was carried out using ScanAlyze Software (Eisen et al., 1998) . Raw data files were joined, transformed to a log 2 base, and analyzed in JMP Genomics (SAS Institute, 2007) . Array data were analyzed using the normalization method (Wolfinger et al., 2001 ) based on the overall ANOVA method (Kerr et al., 2000) . The residuals were analyzed by mixed ANOVA in JMP Genomics (SAS Institute, 2007) according to the gene-specific model: Y = μ + Line + Dye + Hyb + slide + e, where Y = hybridization intensity, μ = mean intensity, and e = random error, with genetic line (Line) and Cy-Dye (Dye) as fixed effects and hybridization batch (Hyb) and Slide as random effects. Mean intensities were compared using false discovery rate at P < 0.01.
The array probes that were found to be significantly different between the lines were identified by the array annotation database. Due to limited annotation information included in the array database, each corresponding The Institute for Genomic Research (TIGR) tentative consensus (TC) number was then entered into the "Identifiers or Keywords" search feature on the DFCI Chicken Gene Index webpage, edition 11.0, updated June 17, 2006 (http://compbio.dfci. harvard.edu/tgi/tgipage.html). For some array spots, an annotation was included in the information for the corresponding TC number, which was used. Otherwise the sequence that corresponded to the TC number was placed into the BLASTn queue on the NCBI website using the nonredundant nucleotide (nr) database. A list of matches was provided by the program, and the top hit was taken as the annotation if the e-value was equal to or less than e −10 .
If there was no TIGR TC number matching the spot on the microarray chip, the GenBank number was then used to determine an annotation. The GenBank number was entered into the search feature on the NCBI webpage to recover a sequence that was then subjected to BLAST in the manner previously mentioned.
To integrate the individual gene expression differences into networks and pathways that result in the altered phenotype of the WC-As, gene lists including both those identified by microarray and RDA were analyzed using the GeneGo server from Thomson Reuters (Thomson Reuters, London, UK). The GeneGo server's MetaCore database is a highly curated web-based application for identification of gene ontology processes in input gene sets (Nikolsky et al., 2005) . The analysis methodology uses annotation databases and identifies gene ontology biological processes associated with experimentally identified differentially expressed genes, which are then ranked according to their P-value. Gene pathways and networks are identified by an overrepresentation of pathway or network group members in the input gene list. MetaCore was also used for network analysis as a pathway mapping tool. The list of differentially expressed genes identified experimentally was uploaded to MetaCore for analysis and construction of any potential biological network(s). The shortest path algorithm was used to map the shortest path for interaction between the differentially expressed genes (Supplemental Figure 1 ; available at http://dx.doi. org/10.3382/ps.2013-03306).
RESULTS
RDA
The difference products from 2 reciprocal RDA experiments were cloned into 4 libraries. Libraries WC175 and WC180 represent genetic transcripts that are upregulated in 1-d-old WC-As pigeon aortic tissue relative to the SR-Ar. The SR-Ar libraries (SR175, SR180) from 1-d-old aortic tissue contain expressed sequence tags (EST) that are upregulated in that breed relative to the WC-As. Ninety-six clones from each library were randomly selected for sequencing. The BLAST analysis of difference products is presented in Table 1 .
Three hundred eighty-five EST were found in the 4 libraries. This total represents some clones that captured multiple difference products and a few that contained none. Two hundred sixty-four (69%) of these EST were identified. After examining these sequences for duplicity, pigeon aortic tissue at 1 d of age expressed 62 unique transcripts. Twenty-five genes were exclusively expressed by the WC-As (Table 2) , including β-actin (ACTB), caveolin (CAV1), and 2 types of collagen (COL4A2, COL5A2). Fifteen genes were exclusive to the SR-Ar (Table 2) including CCR4-NOT transcription complex (CNOT2) and proteasome maturation protein (POMP). We found 22 genes that were expressed by both breeds, with 16 demonstrating copy number (CN) variation, and 6 that had equivalent CN in each breed (Table 3 ). The largest differential expression for transcripts found in both breeds was NADH dehydrogenase subunit 1 (ND1) in the SR-Ar and Lumican (LUM) in the WC-As.
The 56 unique genes with differential expression were subjected to pathway analysis using MetaCore (GeneGo Inc., Carlsbad, CA) to assess their collective function and the relationship to atherosclerotic susceptibility/resistance in the pigeon. Of the pathways presented in Table 4 , cytoskeleton remodeling, oxidative phosphorylation, and cell adhesion were the most significant. Three cytoskeleton remodeling pathways were represented in the WC-As by destrin (DSTN), ACTB, CAV1, COL4A2, and myosin light chain kinase (MYLK). Eukaryotic translation initiation factor (EIF4A) was found in both breeds, but the CN was higher in the SR-Ar. Oxidative phosphorylation was the next most significant pathway, indicated by the upregulation of cytochrome oxidase II (COII), cytochrome b (CYTB), as well as NADH dehydrogenase subunits 1 and 2 (ND1, ND2) in the SR-Ar aortas. Two pathways were categorized as cell adhesion and include CAV1, ACTB, and COL4A2, all upregulated in the WC-As.
Gene ontology (GO) processes were also ranked for significance (Table 4) by MetaCore analysis. Genetic differences between the 2 breeds were apparent in system development, blood circulation, and vascular smooth muscle contraction. Four processes focused on development and included EIF4A, α actin (ACTA2) and septin (SEPT2) in the SR-Ar, and COL5A2, ACTB, and heat shock protein 70 (HSPA14) in the WC-As. Circulation and vascular smooth muscle contraction were represented by 2 processes each. The breeds demonstrated differences in actin isoforms with ACTB exclusively expressed in the WC-As and ACTA2 upregulated in the SR-Ar. Network analysis was conducted to compile individual pathways and identify common foci because, as expected, the data set indicated multiple processes and pathways.
The most inclusive network, which contained the largest number of differentially expressed transcripts, is depicted in Figure 1 . Most of the transcripts were upregulated in the WC-As including insulin growth factor (IGF1), fibulin 5 (FBLN5), cytoskeletal actin (ACTB), and capping protein (CAPZA1). A second network revolves around the transcription factor peroxisome proliferator-activated receptor (PPAR)-γ ( Figure 2 ). This network contained 7 genes that were upregulated in the SR-Ar, including CNOT2, septin (SEPT2), and ACTA2. The WC-As upregulated genes were ACTB, a direct target of PPAR-gamma, and HSPA14.
Microarray Analysis
Forty-eight genes were found to be differentially expressed by microarray analysis. Seventeen of these were upregulated in the WC-As and 31 were upregulated in the SR-Ar (Table 5 ). In the WC-As, genes demonstrating the greatest fold change include hemoglobin β chain (HBB) and p53 binding protein (mdm1), whereas the same criterion in the SR-Ar highlighted heat shock protein 90 (HSP90), acyl CoA dehydrogenase (ACAD8), and TGFB signaling factor SMAD2 (MADH2), a transforming growth factor-β (TGFB) transcription factor.
Putative pathways as scored by MetaCore indicate significant differences in the immune response, regulation of lipid metabolism, and cytoskeleton remodeling (Table 6 ). The immune response is suggested by the MHC class I (MHC-1) and HSP90 expression in the SR-Ar. Sterol regulatory element binding protein 2 (SREBP2) was also upregulated in the SR-Ar, suggesting a potential difference in overall lipid metabolism between the 2 breeds. The GO processes mostly reflected an immune response, with MHC-1 representing antigen presenting, T cell tolerance induction, and along with purinergic receptor P2X (P2RX7), regulation of T cell-mediated cytotoxicity in the SR-Ar. As with the RDA experiment, further analysis was conducted to determine the potential networks functioning in the WC-As and SR-Ar aortas that may connect expressed transcripts. The most inclusive network contained 10 differentially expressed genes, most of which were from the SR-Ar (Figure 3 ). Representative transcripts include MHC-1, solute carrier protein (SLC25A6), and DEAD box protein polypeptide (DDX1). In the WC-As, nucleobindin (NUCB2) and Ras p21 protein activator 2 (RASA2) were represented in the network. Another relevant network as scored by GeneGo is shown in Figure 4 . In this network, the transcription factor SREBP2, which plays a regulatory role in lipid metabolism, was upregulated in the SR-Ar. Vascular endothelial growth factor (VEGF-A) was elevated in the WC-As.
DISCUSSION
RDA Experiment
The genes ACTB, CAV1 (Table 2) , and LUM (Table 3) were upregulated in the 1-d-old WC-As relative to the SR-Ar based on RDA. In the SR-Ar, CNOT2, POMP (Table 2) , and ND1 (Table 3 ) genes were upregulated. Table 4 shows the biological pathways and processes based on the combined list of upregulated WC-As and SR-Ar genes. The upregulated genes in WC-As were indicative of cytoskeletal remodeling and cell adhesion (Table 4) , whereas those genes in SR-Ar were related to cytoskeletal remodeling and oxidative phosphorylation (Table 4) .
Cytoskeletal remodeling was occurring in each breed, but the specific activity was different. Genes for ACTB, CAV1, DSTN, COL4A2, and COL5A2 were expressed in the WC-As, whereas ACTA2 and EIF4A2 were upregulated in the SR-Ar. Figure 1 presents further evidence of cytoskeletal remodeling through a relationship between the transcription factor AP-1, the actin isoforms, and IGF-1. Figure 2 shows that ACTB is also a target of PPAR-gamma, whereas ACTA2 expression is modulated by CNOT2 via the transcription factor NF-AT.
Changes in actin expression are of potential importance to atherogenesis because ACTB and ACTA2 are associated with a synthetic and contractile phenotype, respectively (Yamin and Morgan, 2012) . At 1 d of age, the synthetic phenotype is expected to dominate because both breeds are still in the developmental stage. In the current experiment, the nearly equal expression of fibulin 5 (FIBLN5), a transcript involved in arterial development, demonstrated the synthetic phenotype. However, subtle actin profile changes are already apparent, with differing ACTA2 expression between breeds, and the absence of ACTB in the SR-Ar. These findings are consistent with the in vitro transcript profile analyzed by Anderson et al. (2012b) who found ACAT2 was expressed exclusively in the SR-Ar, and ACTB was significantly upregulated in the WC-As. Likewise, in the present study ACTB was exclusive to the WC-As, and ACTA2 had CN variation at 10:7, although that value was not significant. These results suggest that the SMC phenotypic reversion hypothesis (Gomez and Owens, 2012) of atherogenesis may be relevant in the pigeon model.
In terms of the cell adhesion pathway operating in the WC-As, CAV1, and LUM expression could relate to the response to retention hypothesis of human atherogenesis. In vitro, lumican was expressed primarily in the SR-Ar, although it was detected in the WC-As. Direct age comparisons between aortic cells in vitro and in vivo are complex. Prior studies indicate that 1-d-old aortic cells cultured in vitro for 7 d are equivalent to aortic cells in vivo at approximately 12 wk of age (Cooke and Smith, 1968) . Therefore, cells analyzed in previous in vitro studies are actually older than in the tissue. The proteoglycan profile may be different as the phenotype switches, with lumican being expressed early (1 d) in the WC-As followed by subsequent downregulation. Further experiments in vivo are required to test the lumican expression profile during WC-As development.
Previous aortic cell results have associated oxidative phosphorylation with SR-Ar and glycolysis with the WC-As (Anderson et al., 2012b) . The current experiment demonstrates mitochondrial differences between breeds in vivo at 1 d of age, although the anaerobic Table 6 . Pathway maps and gene ontology (GO) processes based on all microarray transcripts having significant expression differences in both atherosclerosis-susceptible White Carneau (WC-As) and atherosclerosis-resistant Show Racer (SR-Ar) Positive regulation of tolerance induction to nonself antigen 1.8553E-08 Regulation of tolerance induction to nonself antigen 1.8553E-08 Positive regulation of tolerance induction dependent upon immune response 4.6328E-08 Regulation of tolerance induction dependent upon immune response 4.6328E-08 T cell tolerance induction 4.6328E-08 Antigen processing and presentation of endogenous peptide antigen via MHC class I via endoplasmic reticulum (ER) pathway 3.8732E-07 Antigen processing and presentation of endogenous peptide antigen via MHC class I via ER pathway, TAP-dependent 3.8732E-07
Positive regulation of T cell mediated cytotoxicity 4.1521E-07 Antigen processing and presentation of exogenous peptide antigen via MHC class I 5.5265E-07 Regulation of T cell mediated cytotoxicity 7.8319E-07 pathway is not yet apparent. In addition to energy production differences, each breed expressed diverse proteasome subunits. This proteasome variation was highlighted by SR-Ar upregulation of POMP, a maturation protein, in the current study as well as previous in vitro detection of regulatory subunit (PSMD1; Anderson et al., 2012b) . The WC-As microarray samples expressed PSMC3 26S proteasome ATPase subunit 3 interacting protein (PSMC3IP), whereas PSMC3, the 26S proteasome ATPase subunit 3, was found in vitro (Anderson et al., 2012b) .
Representational difference analysis is a sensitive technique with the capability of detecting gene expression differences at less than one copy per cell (Sung et al., 2005) . The technique does not lend itself to highthroughput profiling (Lucito et al., 2003) . In contrast, the main power of microarray analysis is the simultaneous quantification of thousands of genetic sequences (Ding and Cantor, 2004) . Therefore, microarray analysis was conducted as a complementary approach to maximize the identification of genetic differences between the 2 pigeon breeds.
Microarray Experiment
In the microarray analysis, HBB and mdm1 demonstrated the greatest fold change in the WC-As. The differential HBB expression is surprising because although higher glycosylated hemoglobin is a known human atherosclerosis risk factor, particularly in diabetics (Bower et al., 2012) , a strong connection has not been reported between free hemoglobin levels and atherosclerosis. Increased hemoglobin has been related to oxidative stress (Alayash et al., 2001) , which itself is a contributing factor to atherosclerosis. Studies in transgenic mice have shown that the α and β hemoglobin chain contribute to the proinflammatory nature of high-density lipoprotein and may be considered as a novel biomarker for atherosclerosis in humans (Watanabe et al., 2007) , which warrants further study. In contrast, the finding of mdm1, a p53 binding protein in the WC-As, has potential interest to the atherogenic phenotype. The p53 tumor suppressor gene promotes cell cycle arrest and apoptosis. Previous experiments have found that mdm2 and mdm4 inhibit p53 expression and are therefore oncogenic (Perry, 2010) . The same has not been found for mdm1, but the influence of its binding needs to be investigated in light of its presence in the susceptible breed. If mdm1 also inhibits p53, it could promote the survival of an aberrant cell. Anti-apoptosis activity in the WC-As was reported in vitro (Anderson et al., 2012b) and may be an important factor early in atherogenesis.
In the SR-Ar, HSP90, acyl CoA dehydrogenase (ACAD8), and a transcription factor for TGFB, SMAD2, demonstrated the greatest differential expres- sion (Table 5 ). Pathways were identified based on all significant genes from both breeds ( Table 6 ). The data set contained almost twice the number of significant genes in SR-Ar compared with the WC-As (Table 5) , which gave the former group greater influence but likely masked any defective WC-As pathways. Biological pathways operating in the SR-Ar included an immune response, regulation of lipid metabolism, and cytoskeletal remodeling (specifically the role of activin A). The immune response was the most significant pathway, represented by the major histocompatibility complex I (HLA-C) and HSP90. Figure 3 shows that HLA-C directly influences the expression of the STAT1 transcription factor. Disruptions in the JAK/STAT pathway have been observed in atherosclerosis models (Guo et al., 2006) , and it is interesting to note that ACTB is also active in this pathway. The immune response was also identified in vitro, but the stimulus for this pathway remains unclear.
Regulation of lipid metabolism in the SR-Ar is indicated by the expression of SREBP2, a transcription factor. Cholesterol levels are not different between breeds (Wagner, 1978) , but an increase in nonesterified fatty acids (NEFA) has been observed in the WC-As as early as 1 d of age (Nicolosi et al., 1972; Hajjar et al., 1980) . The fact that SREBP2 is upregulated in the SR-Ar suggests a regulatory function inhibiting NEFA accumulation in aortic tissue. The ACAD8 expression would also prevent NEFA accumulation. As shown in Figure 4 , SREBP2 appears to inhibit c-Src, a focal point in this network, whereas VEGF (WC-As) appears to enhance the expression of c-Src. The potential relationship of the proto-oncogene c-Src expression to atherogenesis has not been studied, but could lead to smooth muscle cell proliferation observed before lipid accumulation.
Comparison of Experiments
Because the gene lists from the RDA and the microarray experiment are so dissimilar, they are best compared at the pathway level. Cytoskeletal remodeling was a recurring process, as genes associated with this pathway were differentially expressed not only in each of the current experiments, but also in vitro, suggesting its importance in pigeon atherogenesis. Reorganization of the cytoskeleton occurs before foam cell development and cellular proliferation (Hansen, 1977; Owens, 1996) , and thus may be one of the earliest events (Gomez and Owens, 2012) that denote a susceptible WC-As phenotype.
Cytoskeletal remodeling is a broad category, encompassing multiple pathways, many of which include TGFB activity. The same topic was previously categorized (Anderson et al., 2012b) as cytoskeletal reorganization and regulation and placed in the SMC phenotype theme. The cell signaling pathways theme included TGFB. Examining the reported genetic and proteomic differences between breeds (Anderson et al., 2012b) , cytoskeletal remodeling is frequently in the most relevant biological pathways by our analysis methods. The combined data sets have 4 subcategories, each found in at least 2 separate experiments ( Table 7 ). The TGFB is related to cytoskeletal development, which our analysis divides into 2 subcategories ( Table 7 ). The TGFB signaling was differentially expressed in vitro, both at the gene level (Activin A; Anderson et al., 2012b ) and protein level (Activin A Binding protein; Smith et al., 2008) . In the microarray, the TGFB pathway is represented in the SR-Ar by MADH2, a TGFB transcription factor.
In addition to cytoskeletal remodeling and TGFB signaling, the proteasome and heat shock proteins demonstrate consistent differential expression in multiple experiments. In the SR-Ar, KIAA0368, a proteasome accessory protein was upregulated on the microarray, and POMP was up in the RDA. In the WC-As, PSMC3IP8 was found on the microarray. This is consistent with in vitro experiments, where both PSMC3 and PSMC2 were upregulated that breed. Finally, HSP70 (WC-As) was upregulated in the current RDA experiment, and in the proteomics experiment (Smith et al., 2008) . This HSP is expressed in human atherosclerotic lesions and is known to recruit cytokines (Xu et al., 2012) . In the SR-Ar, HSP90 was upregulated on the microarray, and HSP40 was found in vitro. The HSP90 has been shown to decrease proliferation and migration of various cell types and "could have a protective role in Table 7 . Cytoskeletal remodeling and transforming growth factor-β (TGFB) signaling pathways identified in multiple experiments using representational difference analysis (RDA) or microarray of atherosclerosis-susceptible White Carneau or atherosclerosis-resistant Show Racer pigeon aortic cells RDA in vitro (Anderson et al., 2012b) Cytoskeletal remodeling pathways TGF, WNT, and cytoskeletal remodeling X X Cytoskeletal remodeling X X Regulation of actin cytoskeleton by Rho GTPase X X Role of activin A in cytoskeleton remodeling X X TGFB signaling pathways TGFB dependent-induction of EMT via RHOA X X TGFB dependent-induction of SMADS X X atherosclerosis" (Xu et al., 2012) . Although HSP participate in a variety of cellular functions, the consistent differential expression across the experiments may be relevant to pigeon atherogenesis. Although RDA and microarray analyses revealed similar metabolic pathways, the question of the independent sets of differentially expressed genes arises. As an open system (Tyson et al., 2002) , RDA allows for gene discovery because it is not limited to sequences printed on a microarray. The most convenient explanation for finding a gene in RDA and not by microarray is that the gene is not on the chip. Another explanation may be that the microarray-imprinted EST may have a different sequence possibly through splice variation such that the RDA transcript would not hybridize. Andersson et al. (2001) compared data derived from RDA and microarray experiments and found that "45% of genes isolated by RDA more than once in random sequencing were confirmed in the microarray analysis while 44% were below the signal threshold." They concluded that low abundant transcripts isolated using RDA are not detected by microarray. Linder et al. (2004) reached the same conclusion, stating that the "lower sensitivity of microarray may fail to verify differential transcript expression." Therefore the 2 methods should not be used to validate, but to complement each other as investigative tools. The results of the present study appear to support this view. Indeed, although RDA may be superior for "identifying rare transcripts with large differential expression, it may fail to detect those abundant transcripts that have small differential expression" (Kim et al., 2001) . This may explain genes found in the microarray that were not found in RDA.
Divergent genetics between pigeon and chicken may further explain lack of detection on a cross-species array. This is likely the case with genes associated with oxidative phosphorylation, as mitochondrial genes are used to study evolutionary distance between avian species (Pacheco et al., 2011) . Finally, genes may have not been found by microarray because they were not differentially expressed in the experiment. Lack of crosshybridization or the absence of a transcript from the microarray are limitations to identifying expression differences. The advantage of both the array and RDA is identifying true breed differences.
In conclusion, genes involved in cytoskeletal remodeling, proteasome activity, cellular respiration, and the immune response are distinctly different between pigeon breeds at 1 d of age. These findings are consistent with genetic, proteomic, and metabolic data previously reported. The RDA and microarray are complementary methods to investigate differential gene expression. One should not be used to validate the other because they each have their unique strengths and limitations. Work is in progress to monitor actin and proteoglycan gene expression during WC-As development as actin cytoskeleton changes affect focal adhesion (Yamin and Morgan, 2012) , suggesting a relationship between SMC phenotypic switching and the response to retention hypothesis. In addition, the recent publication of the pigeon genome (Shapiro et al., 2013) provides a reference sequence. This genomic resource will allow application of RNA-Seq (Marioni et al., 2008) to investigate the transcriptome of each breed. The RNA-Seq combines the open discovery advantage of RDA with the highthroughput capacity of a microarray.
